Abstract-This letter presents a wide-band electromagnetic bandgap (EBG) structure designed utilizing embedded resonant circuits (ERCs). The EBG structure is a periodic material whose unit cell is composed of a number of small resonant LC circuits. For EBG composed of single resonant LC circuits above the resonant frequency, the structure behaves as a negative permeability material that provides the bandgap behavior. To design a compact wide-band EBG, a structure constructed of three layers of ERC, each having different resonant frequencies separated by layers of impedance inverters, is proposed. The impedance inverter layer is designed using -shaped metallic inclusions printed in the host medium to achieve a high dielectric material so as to physically reduce the thickness of the quarter wavelength inverters. The design and performance characteristic of a complete EBG structure with isotropic bandgap behavior almost independent of incident angle and polarization state is also demonstrated.
I. INTRODUCTION

E
LECTROMAGNETIC bandgap (EBG) materials have a wide range of applications in RF and microwave engineering including microwave and optical cavities, filters, waveguides, and smart artificial surfaces, etc. [1] - [8] . Traditionally, bandgap behavior is achieved using a periodic dielectric or metallic structure with periodicity value comparable to the wavelength. Usually, 4-5 periods are needed to provide good bandgap characteristics (high isolation), and therefore, a large physical space is required for integrating the EBG into a system.
For most RF applications compact size is a requirement, and therefore, it is very desirable to obtain a compact EBG structure with high isolation. To accomplish this, we propose a bandgap structure based on an embedded-circuit meta-material composed of tank circuits arranged in a periodic fashion with a periodicity much smaller than a wavelength. As will be shown, a thin layer of such a medium containing even one layer of tank circuits can provide significant isolation.
Transmission line theory developed in [9] is applied to obtain an equivalent circuit model for the medium and conceptually investigate the performance of embedded-circuits. An equivalent medium with parameters for the complex periodic structure is determined. It is shown that the embedded-circuit medium has a constant effective permittivity and a frequency dependent effective permeability. Above the resonant frequency, where the permeability is negative, the wave cannot propagate through the medium and a bandgap characteristic is observed. By tailoring the circuit inclusions and their geometry the performance of the EBG can be controlled. Cascading embedded-circuit layers with different resonant frequencies interleaved with layers of impedance inverters allows for achieving a multiresonant wide-band behavior. A compact three-layered EBG material is successfully designed to provide a wide bandgap behavior having a minimum of 20-dB isolation over 25% bandwidth.
The analytical results evaluated based on the transmission line theory are validated by a finite-difference time-domain (FDTD) full-wave approach. The FDTD code used in this investigation is very versatile and allows for placement of the periodic boundary conditions/perfectly matched layers (PBC/PML) walls in designed locations according to the problem geometry, wave polarization, and direction of propagation [10] - [12] .
II. EMBEDDED RESONANT CIRCUITS
The earliest work regarding the design of artificial magnetism using resonant circuit inclusions dates back to 1952, when the subject was investigated by Schelkunoff et al. [13] . The same concept was further developed by Pendry et al. in 1999 [14] , utilizing split ring resonators (SRRs). A general formulation based on the transmission line theory, applicable for analysis and synthesis of complex materials composed of dielectric, magnetic, and metallic inclusions, has recently been reported in [9] . Here, we address the physical concept of a novel EBG material designed utilizing ERC, based on the techniques presented in [9] . Fig. 1 (a) depicts the geometry of a periodic structure of loop circuits embedded in a low dielectric host medium. The loops are terminated to the loading capacitors . A building block unit cell of the medium is shown in Fig. 1(b) . For a plane wave, propagating in a normal direction with -polarized electric field and -polarized magnetic field, one can terminate the unit cell with PEC and PMC walls as illustrate in Fig. 1(b) .
The transmission line method is applied to obtain a circuit model for the unit cell of the structure [ Fig. 1(c) ] and determine the physical parameters of the ERC medium. The current on the transmission line generates a magnetic flux passing through the loops in -direction that it induces a current in the loops. The loops in -direction can be viewed as a toroid with inductance perturbing the magnetic property of the host medium. Also, there is a coupling capacitance between the loops in the vertical direction ( -direction) that artificially changes the permittivity of the host medium. It is determined in [9] periodic ERC is equivalent to a homogeneous medium with the following constitutive parameters:
where and is the complete elliptic integral function. It is shown that ERC medium presents a constant effective permittivity which is higher than the dielectric constant of the host medium. On the other hand the effective permeability of the medium shows a resonant behavior. Below the resonance, is positive, and the wave can propagate through the structure. However, above the resonance, where is negative, the wave cannot propagate through the medium or a bandgap phenomenon is observed.
An FDTD with PBC/PML walls is applied to numerically characterize the complex periodic ERC designed in Fig. 1(a) . A plane wave illumination is used to calculate the transmission coefficient at normal incidence, and the result is shown in Fig. 2 . As predicted by the transmission line model above the resonance, a stopband or bandgap behavior is illustrated. Tailoring the loop configuration allows one to easily control the bandgap response. One can lower the resonant frequency of the ERC EBG by simply using a larger loop capacitor but keeping the same loop size. This means that by increasing the loop capacitor the size of the unit cell can be successfully reduced. The loops in this example have a side length smaller than .
III. WIDEBAND BANDGAP MATERIAL USING A MULTIRESONANT STRUCTURE
In the previous section, an ERC bandgap structure with a miniaturized size building block unit cell was presented. One limitation of this design is that the bandwidth of the stop-band Fig. 1(a) . The negative value of above its resonant frequency produces the stop-band performance. Fig. 3 . Multiresonant three-layered ERC EBG material. The dimensions are the same as Fig. 1(a) .
region cannot be controlled. The challenge is to modify the design so that a compact EBG architecture with a wide bandgap characteristic can be fabricated. To accomplish this, the idea of using multiple layers of embedded-circuits having different resonant frequencies is investigated.
The geometry of a three-layered ERC with different loop capacitors or resonant frequencies is depicted in Fig. 3 . The FDTD is used to obtain the performance of each layer separately as well as the composite three-layered ERC, by observing the transmission coefficient. The results are shown in Fig. 4(a) and (b) . Unfortunately, the three-layered ERC shows a multiresonant behavior instead of a simultaneous wide-band characteristic. The three-layered ERC is basically equivalent to three cascaded parallel LC circuits having different resonant frequencies. In this network there is always a transmission zero between the adjacent poles. This disrupts the merging of the poles responses for achieving a wider bandgap. A standard approach in filter theory to overcome this problem is to introduce impedance inverters [15] .
Consider the circuit model shown in Fig. 5 (a) of a series LC circuit with resonant frequency between two parallel LC circuits with resonant frequencies and . In this design the series LC circuit properly removes the transmission zero that occurs between the poles of the parallel LC circuits and, therefore, a wide-band behavior can be obtained. The next step is to realize the circuit model in terms of an ERC EBG medium. Based on the concept of impedance inverters in filter theory, the circuit model in Fig. 5(a) is in fact equivalent to three parallel LC circuits separated by [ Fig. 5(b) ]. Therefore, a three-layered ERC material constructed of layers with resonant frequencies , , and that are located apart can produce the required wide-band performance. However, the separation increases the total dimension of the bandgap structure. To rectify this problem, -shaped metallic strips with specific dimensions can be placed between the resonant circuits. The -shaped metallic strips increase the permittivity of the host medium between the resonators [see (1a)] and thereby reduces the physical size of the sections. Fig. 6 depicts the geometry of a wide-band compact ERC EBG structure. The transmission coefficients for a plane wave propagating through each layer and the whole structure are plotted in Fig. 7(a) and (b) . A wide-band characteristic is illustrated for this novel design. A minimum 20-dB isolation over 25% bandwidth is offered. Note that the unit cell of the structure has a very small size, about in the -direction and in the -and -directions ( is the free space wavelength at the center frequency of bandgap region).
As discussed before, the bandgap region of an ERC medium is determined by the resonant behavior of the effective permeability. This phenomenon occurs only where the incident magnetic field has a component along the axes of the loops. To remove this anisotropic behavior and generate an isotropic EBG structure with a bandgap property independent of angle of incidence and polarization state, one needs to design a three-dimensional (3-D) periodic composite embedded-circuit material as shown in Fig. 8(a) . The transmission coefficients for the normal incidence and an oblique incident plane wave with , , and a linear polarization specified by the angle (between the electric field and a reference direction ) are plotted in Fig. 8(b) . The lack of variation of the bandgap property to incidence angle and polarization is clearly demonstrated here. Shown in this figure is also the transmission coefficient for the designed one-dimensional (1-D) structure (Fig. 6 ) at the oblique incidence. As expected, the bandgap behavior of the 1-D structure is perturbed at the oblique incidence.
IV. CONCLUSION
In this paper, the concept and design of a novel electromagnetic bandgap material with compact size and wide-band characteristic are presented. The EBG structure is constructed of resonant loop circuits periodically embedded in a dielectric host medium. The loop circuits have a tunable miniaturized size. Above the resonant frequency of ERC, a negative effective permeability is generated which inhibits propagation of electromagnetic waves.
Cascading three layers of ERC with different resonant frequencies allows one to enhance the width of the bandgap region. The design characterization of a three-layered ERC EBG architecture with a small size and very wide bandgap behavior is demonstrated. -shaped metallic strips are embedded in between the resonating layers in order to increase the dielectric of the medium between the layers and achieve a quarter wavelength inverter over a very short physical distance. A 3-D EBG with complete bandgap behavior, independent of incident angle and polarization state, is also demonstrated.
